. (2013). CO2 capture and gas separation on boron carbon nanotubes. Chemical Physics Letters, 575 ( June), 59-66.
Introduction
It is well known that the fast accumulation of CO 2 in the atmosphere is the predominant cause of global warming. The atmospheric concentration of CO 2 has increased dramatically in the last decades and is expected to continually increase for the next few decades. 1 Thus, development of new materials and technologies for reducing or eliminating CO 2 emission from various industrial processes are of utmost importance. 2, 3 Carbon capture and storage (CCS) technologies are a promising route for mitigating CO 2 emissions in the near future, because CCS could provide a mid-term solution allowing humanity to continue using fossil energy until renewable energy technologies mature. 4 Before CO 2 can be sequestrated it must be separated and captured from the major sources.
Flue gas emissions of power plants are responsible for roughly 33-40% of total CO 2 emissions. 5 As the major component of the flue gas is nitrogen (>70%) and the major impurity is CO 2 (10-15%), CCS will require the separation of CO 2 from nitrogen.
Another energy-related separation involving CO 2 is removal of CO 2 from natural gas.
Demand for natural gas is expected to increase continuously in the coming years, because natural gas produces lower CO 2 emissions than other fossil fuels. In fact, the demand for natural gas may exceed that for coal by 2020. 6 Natural gas is mainly composed of methane, typically 80-95%, with impurities such as CO 2 , nitrogen, and heavier hydrocarbons, depending on the source of the gas. In addition, methane from landfill gas is a rapidly growing source of natural gas; however, it often contains unacceptable levels of contaminants. A typical municipal or industrial landfill gas consists of approximately 40-60% CO 2 .
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The separation of CO 2 from methane is essential for the upgrading of natural gas and the treatment of landfill gas to improve purity and reduce pipeline corrosion induced by acid CO 2 gas. 2 Generally speaking, three types of gas mixtures that are of the most current interest are targeted for capture technologies, namely, postcombustion (predominantly CO 2 /N 2 separation), natural gas sweetening (CO 2 /CH 4 ), and precombustion (CO 2 /H 2 ) capture. 3, 8 The successful capture of CO 2 from these gas mixtures will have the greatest likelihood of significantly reducing CO 2 emissions into the atmosphere. For those processes, CO 2 is firstly separated from other gases either before or after the combustion stage. In general, four main approaches are considered to be suitable for the separation of CO 2 from other light gases: cryogenic distillation, membrane purification, absorption with liquids, and adsorption using solids. Among these, the adsorption and separation of CO 2 using solid adsorbents have attracted a great deal of attention over the past decade. 9 However, most of these materials are either difficult to regenerate without significant heating or exhibit poor selectivity, resulting in low productivity and high expense. 10, 11 In recent years, micro-porous metal−organic frameworks (MOFs) and nanomaterials have emerged as new class of solids because of the remarkable tunability of their structures and chemical functionality. [12] [13] [14] [15] Meanwhile, there is growing interest in exploring the electronic structures and thermal properties of some novel metal free carbon-boron mixed nanostructures, [16] [17] [18] [19] [20] [21] [22] 
Computational methods
The first-principles density functional theory plus dispersion (DFT-D) calculations 23, 24 have been carried out using the DMOL3 module in Materials Studio. 25, 26 The B 2 CNTs are fully optimized in the given symmetry using generalized gradient approximation 27 treated by the Perdew-Burke-Ernzerhof exchange correlation potential with long rang dispersion correction via Grimme's scheme 28 . An all electron double numerical atomic orbital augmented by d-polarization functions (DNP) is used as basis set. The self-consistent field (SCF) procedure has been used with a convergence threshold of 10 -6 a.u. on energy and electron density. The direct inversion of the iterative subspace technique developed by Pulay is used with a subspace size 6 to speed up SCF convergence on these nanotubes. 29 In order to achieve the SCF convergence when the gap between the highest occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO) is small, thermal smearing using finite-temperature Fermi function of 0.005 a.u. is used.
Geometry optimizations were performed with a convergence threshold of 0.002 a.u./Å on the gradient, 0.005 Å on displacements, and 10 Brillouin zone is sampled by 1 × 1 × 6 k-points using the Monkhorst-Pack scheme for the two nanotubes.
The adsorption energy of CO 2 , CH 4 and H 2 on B 2 CNTs are calculated from Eq. 1.
where E B2CNT_gas is the total energy of B 2 CNTs with adsorbed gas, E B2CNT is the energy of isolated B 2 CNT, and E gas is the energy of isolated gas molecules, such as CO 2 , N 2 , CH 4 and H 2 .
The charge doping is simulated by adding electrons to supercell with a compensating uniform charge background of opposite sign.
The charge densities of CO 2 adsorbed on B 2 CNT is calculated from Eq. 2.
where ρ (10
) is the electron density of B 2 CNT, Q is the total charge per unit cell and S is the surface area of B 2 CNT. In addition, the surface area can be calculated from Eq. 3.
Where r is radius which is 6.640 Å and c is length of B 2 CNT (0, 6).
Atoms in molecules (AIM) theory has been employed in the study in order to better clarify the adsorption and the nature of the interaction of CO 2 , N 2 , CH 4 and H 2 on B 2 CNTs. Based on the optimized structures at DFT-D level, the author calculate the wavefunctions at the B3LYP/6-311+G(d) level of theory, then AIM theory which has been used to successfully determine intermolecular interactions of different systems is used in these systems. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In the AIM analyses, The transition state between chemisorption and physisorption of CO 2 have been investigated using the complete LST (linear synchronous transit)/QST (quadratic synchronous transit) method 41 implemented in DMOL3 code. The electron distribution and transfer mechanism are determined using the Mulliken method.
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Results and discussions
It is known that a single-walled carbon nanotube can be viewed as rolled over from a carbon grapheme. The helicity of a carbon nanotube is characterized as a pair of integers (n, m). Likewise, a single-walled B 2 CNT can be characterized as a pair of integers (n, m).
Zeng's group investigated both (n, 0) and (0, n) B 2 CNTs. They found that their electronic properties are very different and the B 2 CNTs may become either a metal or semiconductor. 17 Researchers also demonstrated that the reaction activities of nanotubes are relevant to their diameters and chiralities. The purpose of this study is to provide useful information that whether these B 2 CNTs can be used as new materials for CO 2 capture and gas separation. Table 1 . Here we will firstly discuss the reaction mechanism of CO 2 adsorption on B 2 CNT (6, 0). The computed minimum energy path of Table S2 in supporting information.
Obviously, the electron densities of the physisorption configuration at the BCPs of the bonds between CO 2 and B 2 CNT (6, 0) are small (Table S2) , which supports that interaction between them is weak. Furthermore, our calculations indicate the physisorption process has no transition state.
In its chemisorbed configuration (Figure 1 The adsorptions of N 2 , CH 4 and H 2 on B 2 CNT (6, 0) are also calculated for comparisons.
We found that N 2 , CH 4 and H 2 are on physisorbed under all conditions. (Table S2) could be a good material for CO 2 capture and gas separation based on its high reactivity.
However, the synthesis of B 2 CNT (6, 0) is very difficult because it is highly strained. .5Å, which is in a good agreement with the previous study of that the nanotube with small size of diameter is more active than that of with large diameter. 43 In all, the calculational results indicate that B 2 CNT (6, 0) with its neutral state can serve as a good material for CO 2 capture and gas separation while the B 2 CNT (0, 6) cannot.
As we know that CO 2 is Lewis acid and it prefers to gain electron pair in its reaction.
With electron ejection to the B 2 CNT, the interaction between CO 2 and B 2 CNT might be enhanced. In order to prove the above analysis, we firstly performed the calculations of We can see that the C-O1 bond in gas phase CO 2 is 1.176 Å, while C-O1 bonds in the capture, and one of the important criterion is that the adsorption energies of CO 2 on these adsorbents should be among 0.5 ~ 1.0 eV. 45 According to the criterion, we can see that B 2 CNT (0, 6) with two negative charges could be a good adsorbent for CO 2 capture.
The adsorptions of N 2 , CH 4 and H 2 on B 2 CNT (0, 6) with different charge carrying states are also calculated for comparisons. We found N 2 , CH 4 and H 2 are on physisorbed under all conditions. Table 2 has been obtained with the most common gate. 46 The further investigations about the reaction activities dependences of the nanotubes with the increasing of diameters of B 2 CNT and coverage of the gases as well as adsorption mechanisms of the gases allocated inside of nanotubes could also be very interesting.
Here we need to point out that the B 2 C nanotubes in this study haven't been synthesized yet. However, many boron carbon materials and boron doped carbon nanotubes have been successfully synthesized and reported. 44, [48] [49] [50] So that the nanotubes in this study could in principle be synthesized, especially for B 2 CNT(0, n) based on their low strain energies.
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Conclusions
In summary, we have performed DFT-D calculations to investigate the reaction mechanisms of CO 2 , N 2 , CH 4 and H 2 adsorption on B 2 CNTs. Our calculational results
show that B 2 CNT (6, 0) can serve as a good material for CO 2 capture and gas separation.
For the relative big diameter B 2 CNT (0, 6), the abilities of CO 2 capture and gas separation can be enhanced by injection with negative charges. The study demonstrates not only B 2 CNTs could sever as promising materials for CO 2 capture and gas separation but also injection with negative charge to the materials can enhance their ability for these functions. 
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